We present a search for standard model Higgs boson production in association with a W boson in proton-antiproton collisions (pp → W ± H → ℓνbb) at a center of mass energy of 1.96 TeV.
Abstract
We present a search for standard model Higgs boson production in association with a W boson in proton-antiproton collisions (pp → W ± H → ℓνbb) at a center of mass energy of 1.96 TeV.
The search employs data collected with the CDF II detector which correspond to an integrated luminosity of approximately 1 fb −1 . We select events consistent with a signature of a single lepton (e ± /µ ± ), missing transverse energy, and two jets. Jets corresponding to bottom quarks are identified with a secondary vertex tagging method and a neural network filter technique. The observed number of events and the dijet mass distributions are consistent with the standard model background expectations, and we set 95% confidence level upper limits on the production cross section times branching ratio ranging from 3.9 to 1.3 pb for Higgs boson masses from 110 to 150 GeV/c 2 , respectively.
PACS numbers: 13.85.Rm, 14.80.Bn
I. INTRODUCTION
Standard electroweak theory predicts a single fundamental scalar particle, the Higgs boson, which arises as a result of spontaneous electroweak symmetry breaking [1] ; however, the Higgs boson has not been direct observed experimentally. The current constraint on the Higgs boson mass, m H > 114. 4 GeV/c 2 at 95% confidence level (C.L.), comes from direct searches at LEP2 experiments [2] . Global fits to electroweak measurements exclude masses above 144 GeV/c 2 at 95% CL [3] .
At the Tevatron pp collider at Fermilab, the next-to-leading-order (NLO) Higgs boson production cross section by gluon fusion is about ten times larger than for W H associated production, and the cross section for W H is about twice that of ZH [4] . The Higgs boson decay branching ratio is dominated by H → bb for m H < 135 GeV/c 2 and by H → W + W − for m H > 135 GeV/c 2 [5] . Background QCD bb production processes in the same invariant mass range have cross sections at least four orders of magnitude greater than that of Higgs boson production [6] , and this renders searches in the gg → H → bb channel extremely difficult. However, requiring the leptonic decay of the associated weak boson reduces the huge QCD background rate. As a result, W H → ℓνbb is considered to be one of the most sensitive processes for low mass Higgs boson searches 1 .
Searches for W H → ℓνbb at √ s = 1.96 TeV have been most recently reported by CDF (using data corresponding to an integrated luminosity of 319 pb −1 ) [7] and D0 (440 pb −1 ) [8] .
The CDF analysis used a secondary vertex b-tagging algorithm (secvtx) to distinguish bquark jets from light flavor or gluon jets [9] . Upper limits on the Higgs boson production rate, defined as the cross section times branching ratio (σ · B), were derived for mass hypotheses ranging from 110 to 150 GeV/c 2 . The rate was constrained to be less than 10 pb at 95% C.L. for m H = 110 and less than 2.8 pb for 150 GeV/c 2 . In that analysis, about 50% of the jets tagged by the secvtx tagging algorithm were actually falsely b-tagged jets originating from light flavor, gluon, or charm quarks. This effect is due to the finite resolution of track measurements and the long lifetime of D mesons. Even the small fraction of mistagged events in the dominant Wprocess is significant compared to true W bb production. To reduce this contamination and enhance the b-jet purity of our sample, we introduce a b-1 In this paper, lepton (ℓ) denotes electron (e ± ) or muon (µ ± ), and neutrino (ν) denotes electron neutrino (e ν ) or muon neutrino (µ ν ).
tagging neural network filter which uses as inputs jet characteristics as well as secondary vertex information.
In this paper, we present a search for W H → ℓνbb production at CDF using about 1 fb 
II. CDF II DETECTOR
The CDF II detector geometry is described using a cylindrical coordinate system [10] .
The z-axis follows the proton direction, and the polar angle θ is usually expressed through the pseudorapidity η = − ln(tan(θ/2)). The detector is approximately symmetric in η and in the azimuthal angle φ. The resolution on the transverse momentum p T = p sin θ is measured to be δp T /p T ≈ 0.1% · p T (GeV) for the combined tracking system. The resolution on the track impact parameter (d 0 ), or distance from the beamline axis to the track at the track's closest approach in the transverse plane, is σ(d 0 ) ≈ 40 µm, about 30 µm of which is due to the transverse size of the Tevatron interaction region.
Outside of the tracking systems and the solenoid, segmented calorimeters with projective tower geometry are used to reconstruct electromagnetic showers and hadronic jets [11, 12, 13] over the pseudo-rapidity range |η| < 3.6. A transverse energy E T = E sin θ is measured in each calorimeter tower where the polar angle (θ) is calculated using the measured z position of the event vertex and the tower location.
Small contiguous groups of calorimeter towers with signals are identified and summed together into an energy cluster. Electron candidates are identified in the central electromag-netic calorimeter (CEM) as isolated, mostly electromagnetic clusters which match a track in the pseudorapidity range |η| < 1.1. The electron transverse energy is reconstructed from the electromagnetic cluster with a resolution σ(E T )/E T = 13.5%/ E T /(GeV) ⊕ 2% [11] . Jets are identified as a group of electromagnetic (EM) and hadronic (HAD) calorimeter clusters which fall within a cone of radius ∆R = √ ∆φ 2 + ∆η 2 ≤ 0.4 units around a high-E T seed cluster [14] . Jet energies are corrected for calorimeter non-linearity, losses in the gaps between towers, multiple primary interactions, out-of-cone losses, and inflow from underlying event [15] .
For this analysis, muons are detected in three separate subdetectors. After at least five interaction lengths in the calorimeter, the muons first encounter four layers of planar drift chambers (CMU), capable of detecting muons with p T > 1.4 GeV/c [16] . Four additional layers of planar drift chambers (CMP) behind another 60 cm of steel detect muons with p T > 2.8 GeV/c [17] . These two systems cover the same central pseudorapidity region with |η| ≤ 0.6. Muons which exit the calorimeters at 0.6 ≤ |η| ≤ 1.0 are tracked by the CMX detector, consisting of four layers of drift chambers. Muon candidates are then identified as isolated tracks which extrapolate to line segments or "stubs" in one of the muon subdetectors.
A track which is linked to both CMU and CMP stubs is called a CMUP muon.
The CDF trigger system is a three-level filter, with tracking information available even at the first level [18] . The data collected using the CEM and CMUP triggers correspond to 955 ± 57 pb −1 , while the data from the CMX trigger corresponds to 941 ± 56 pb −1 .
The missing transverse energy ( E T ) is a reconstructed quantity that is defined as the opposite of the vector sum of all calorimeter tower energy depositions projected on the transverse plane. It is often used as a measure of the sum of the transverse momenta of the particles that escape detection, most notably neutrinos. To be more readily interpretable as such, the raw E T vector is adjusted for corrected jet energies, for the transverse momentum of the muons, and for the energy deposition of any minimum ionizing high-p T muons. The W H signal includes two jets originating from H → bb decays; these jets are expected to have large transverse energy. The jets are required to be in the pseudorapidity range covered by the silicon detector so that secondary vertices from b decays can be reconstructed.
Specifically, we require the jets satisfy E T > 15 GeV and |η| < 2.0. The search for W H → ℓνbb is performed in the sample of events with W + exactly 2 jets; however, samples of events with W +1,3,≥4 jets are used to cross-check the background modeling.
To increase the signal purity of the W +2-jet events, at least one jet must be b-tagged by the secvtx algorithm. If only one of the jets is b-tagged, the jet must also pass the NN b-tagging filter. If there are two or more secvtx b-tagged jets, the NN is not applied.
With a secvtx mistag rate of 1%, it is rare that two or more jets in the same events are mistagged by secvtx. 
These values have been tuned for optimum efficiency and purity in simulated b-jet samples from decays of top quarks. The energy spectrum for those jets is similar to the spectrum for b jets from decays of Higgs bosons.
The sign of L xy indicates the position of the secondary vertex with respect to the primary vertex along the direction of the jet. If the angle between the jet axis and the vector pointing from the primary vertex to the secondary vertex is less than π/2, L xy is positively defined; otherwise, it is negative. If L xy is positive, the secondary vertex points towards the direction of the jet, as in true B hadron decays. For negative L xy the secondary vertex points away from the jet; this may happen as a result of mismeasured tracks, so jets tagged with a negative L xy are labeled mistagged jets. In order to reject secondary vertices due to material interaction, the algorithm vetoes two-track vertices found between 1.2 and 1.5 cm from the center of the silicon detector (the inner radius of the beampipe and the outer radius of the innermost silicon layer being within this range). All vertices more than 2.5 cm from the center are rejected.
The negative tags are useful for evaluating the rate of false positive tags, which are defined "mistags" in the background estimates. Mismeasurements are expected to occur randomly; therefore the L xy distribution of fake tags is expected to be symmetric with respect to zero.
Simulated events are used to correct a small asymmetry due to true long-lived particles in light flavor jets.
The efficiency for identifying a secondary vertex is found to be different in the simulated and observed datasets. We measure an efficiency scale factor, which is defined as the ratio of the observed to the simulated efficiencies, to be 0.91 ± 0.06 in a sample of high-E T jets enriched in b jets by requiring a soft lepton (p T > 8 GeV/c 2 ) from semileptonic heavy quark decays [9] . The neural network used in this article employs the jetnet [21] package. The tagger is designed with two networks in series. The b − l network is trained to separate b-jets from light-quark jets (l-jets), and the b − c network is trained to separate b-jets from c-jets. Jets which pass a cut on both of the NN outputs are accepted by the tagger. These neural networks are trained and applied only to events which are already tagged by the secvtx algorithm. The current NN b-tagging is tuned to increase the purity of the secvtx b-tagged jets, not to increase the tagging efficiency.
The neural networks take as input the 16 variables listed in Table I 
V. BACKGROUND
The final state signature from W H → ℓνbb production can also be reached by other production processes. The main background processes are W +jets production, tt production, and non-W QCD multijet production. Several electroweak production processes also contribute with smaller background rates. In the following subsections the contribution from each background source is calculated in detail.
A. Non-W QCD Multijet
Events from QCD multijet production sometimes mimic the W -boson signature with fake leptons or fake E T . Non-W leptons are reconstructed when a jet passes the lepton selection criteria or a heavy-flavor jet produces leptons via semileptonic decay. Non-W E T can be observed via mismeasurements of energy or semileptonic decays of heavy-flavor quarks. It is difficult to model and produce the former class of events in detector simulation since the reasons for mismeasurement are not known quantitatively. Instead, we estimate the contribution of non-W events directly from the data sample before b-tagging is applied.
Generally, the bulk of non-W events are characterized by a non-isolated lepton and small 
where (one with at least two good secvtx tracks) as follows:
where N ) is obtained by using the "Tag Rate" relation:
It is also possible to estimate non-W contribution solely from the secvtx-tagged sample as:
where N + X (X = A, B, C, D) in the "Tagged Method" are the number of events with positive tags. These methods are data-based techniques, so the estimates could also contain other background processes. The contributions from tt and W +jets events to each sideband region are subtracted according to the calculated cross sections for those processes, including the appropriate tagging efficiencies.
To validate the four-sector method and estimate their systematic uncertainties, we vary the boundaries of the four regions and divide the I and E T sidebands into two E (0.1 < I < 0.2 and E T > 20 GeV) and F (I < 0.1 and 15< E T < 20 GeV) sidebands. The observed deviations imply a 25% systematic uncertainty in the non-W background yield, assigned conservatively for both the pretag and tagged estimates.
The independent estimates from the tag rate method (Eq. 6) and the tagged method (Eq. 7) are combined using a weighted average. The result from the tagged method gives a slightly higher estimate than the tag rate method, but the two results are consistent within the 25% uncertainty.
A non-W rejection factor associated with the NN b-tagging filter is measured from data in region C. Region C has event kinematics similar to non-W events in the signal region D because lepton isolation is the only difference between the two regions. The non-W estimate calculated before applying NN b-tagging is scaled by this NN rejection factor; this assumes the NN filter is uncorrelated with the isolation.
The non-W estimate for events with at least two secvtx tags is obtained by measuring the ratio of the number of events with at least one b-tag to the number with at least two b-tags in sideband regions and applying the ratio to the estimate of tagged non-W events in the signal region D.
B. Mistagged Jets
The rate at which secvtx falsely tags light-flavor jets is derived from generic jet samples in varying bins of η, φ, jet E T , track multiplicity, and total event E T scalar sum. Tag rate probabilities are summed for all of the taggable jets in the event, jets with at least two tracks well measured in the silicon detector. Since the double-mistag rate is small, this sum is a good approximation of the single-tag event rate. Negative mistags -tags with unphysical negative decay length due to finite tracking resolution -are assumed to be a good estimate of falsely tagged jets, independent to first order of heavy flavor content in the generic jet sample. The systematic uncertainty on the rate is largely due to self-consistency in the parameterization as applied to the generic jet sample. The positive mistag rate is enhanced relative to the negative tag rate by light-flavor secondary vertices and material interactions in the silicon detectors. As a result, the positive mistag rate is corrected by multiplying the negative mistag rate by a factor of 1.37 ± 0.15. This factor is measured in a control sample by fitting the asymmetry in the vertex mass distribution of positive tags over negative tags [23] . An additional correction factor of 1.05 ± 0.03 is applied for data collected after December 2004, when the Tevatron beam position changed slightly. The mistag rate per jet is applied to events in the W +jets sample. The total estimate is corrected for the non-W QCD fraction and also the top quark contributions to the pretag sample. To estimate the mistag contribution in NN-tagged events, we apply the light flavor rejection power of the NN filter 0.35 ± 0.05 as measured using light-flavor jets from various data and simulated samples.
C. W +Heavy Flavor
The W bb, W cc, and W c states are major background sources of secondary vertex tags.
Large theoretical uncertainties exist for the overall normalization in part because current Monte Carlo programs generate W +heavy-flavor events only to leading order. Consequently, rates for these processes are normalized to data. The contribution from true heavy-flavor production in W +jet events is determined from measurements of the heavy-flavor event fraction in W +jet events and the b-tagging efficiency for those events, as explained below.
The fraction of W +jets events produced with heavy-flavor jets has been studied extensively using an alpgen + herwig combination of Monte Carlo programs [24, 25] . Calculations of the heavy-flavor fraction in alpgen have been calibrated using a jet data sample, and measurements indicate a scaling factor of 1.5 ± 0.4 is necessary to make the heavy-flavor production in Monte Carlo match the production in multijet data [9] . The final results of heavy-flavor fractions are obtained as shown in Table II . In the table, 1B and 1C refer to the case in which only one of the heavy-flavor jets is detected; this happens when one jet goes out of the detector coverage or when two parton jets merge into the same reconstructed jet.
Similarly, 2B and 2C refer to the case in which both of the heavy-flavor jets are observed.
For the tagged W +heavy flavor background estimate, the heavy-flavor fractions and tagging rates given in Tables II and III disagreement between the predicted and observed numbers of W +1 jet and W +2 jet events is due to the heavy-flavor fraction [7] . In this analysis, an updated correction factor of 1.2±0.2, obtained by fitting tagged W +1 jet events only, is applied to the heavy-flavor fraction. The W + heavy flavor background contribution is obtained by the following relation:
where f HF is the heavy-flavor fraction, ǫ tag is the tagging efficiency, N TOP is the expected number of tt and single top events, and N EWK is the expected number of W W , W Z, and Z boson events.
D. Top and Electroweak Backgrounds
Production of both single top quark and top-quark pairs contribute to the tagged lepton+jets sample. Several electroweak boson production processes also contribute. W W pairs can decay to a lepton, neutrino as missing energy, and two jets, one of which may be charm. W Z events can decay to the signal W bb or W cc final state. Finally, Z → τ + τ − events can have one leptonic τ decay and one hadronic decay. The leptonic τ decay gives rise to a lepton + missing transverse energy, while the hadronic decay yields a narrow jet of hadrons with a non-zero lifetime.
The normalization of the diboson and single top backgrounds are based on the theoretical cross sections listed in Table IV , the luminosity, and the acceptance and b-tagging efficiency derived from Monte Carlo events [19, 26, 27, 28] . The acceptance is corrected for lepton identification, trigger efficiencies, and the z vertex cut. The tagging efficiency is always corrected by the b-tagging scale factor.
E. Summary of Background Estimate
We have described the contributions of individual background sources to the final background estimate. The background estimates for the condition of exactly one b-tagged jet after applying the NN filter and at least two secvtx b-tagged jets are summarized in Ta- Table VI and Fig. 4 .)
VI. HIGGS BOSON SIGNAL ACCEPTANCE
The kinematics of the SM W H → ℓνbb process are well defined, and events can be simulated accurately by Monte Carlo programs. The pythia program was used to generate the signal samples [29] . Only Higgs boson masses between 110 and 150 GeV/c 2 are considered because this is the mass region for which the decay H → bb dominates. The number of expected W H → ℓνbb events N is given by:
where ǫ, Ldt, σ(pp → W H), and B(H → bb) are the event detection efficiency, integrated luminosity, production cross section, and branching ratio, respectively. The production cross section and branching ratio are calculated to NLO precision [5] . The acceptance ǫ is broken down into the following factors:
where ǫ z 0 , ǫ trigger , ǫ lepton ID , ǫ btag , and ǫ kinematics are efficiencies to meet the requirements of primary vertex, trigger, lepton identification, b-tagging, and kinematics. The major sources in the PDF fits. An NLO version of the PDFs, CTEQ6M, provides a 90% confidence interval of each eigenvector [31] . The nominal PDF value is reweighted to the 90% confidence level value, and the corresponding reweighted acceptance is computed. The differences between nominal and reweighted acceptances are added in quadrature, and the total is assigned as the systematic uncertainty [9] .
The uncertainty due to the jet energy scale uncertainty (JES) [15] is calculated by shifting jet energies in W H Monte Carlo samples by ±1σ. The deviation from the nominal acceptance is taken as the systematic uncertainty. The systematic uncertainty on the secvtx b-tagging efficiency is based on the scale factor uncertainty discussed in Sec. IV. When NN b-tagging is applied, the scale factor uncertainty is added to that of secvtx in quadrature. The total systematic uncertainties for various b-tagging options are summarized in Table VIII .
VII. OPTIMIZATION OF SEARCH STRATEGIES
The search strategy is optimized by calculating a signal significance defined as S/ √ B,
where S and B are the number of expected signal and background events. In this analysis, S and B are counted within a window which gives the best significance in dijet mass distribution for the particular Higgs mass hypothesis being considered. The window itself is source uncertainty (%) Requiring the NN filter improves the sensitivity by about 10% in the sample of events with exactly one b tag. The significance in double-tagged events is almost the same as that in events with at least one tag and no NN filter. Combining the two results therefore yields another sensitivity improvement. This combined use of two separate b-tagged samples provides a significant improvement as shown in Fig. 6 . The total significance increases by 20% moving from "≥ 1 tag" to separate categories "1 tag w/ NNTag" and "≥ 2 Tag."
Therefore, we quote final results from events having exactly one secvtx b-tagged jet passing the neural network filter or at least two secvtx b-tagged jets.
VIII. LIMIT ON HIGGS BOSON PRODUCTION RATE
As shown in section VII, there is no significant excess number of events over the SM background expectation. Because the dijet mass resonance is a useful discriminant for the Higgs boson signature, we use a binned likelihood technique to fit the observed dijet mass distributions in Figs. 7 and 8, and set an upper limit on the W H production cross section times H → bb branching ratio.
A. Binned Likelihood Technique
The number of events in each bin follows the Poisson distribution:
where n i , µ i , and N bin represent the number of observed events in the i-th bin, the expectation in the i-th bin, and the total number of bins. The Higgs production hypothesis is constructed by setting µ i to µ i = s i +b i , where s i and b i are the number of signal and expected background events in the i-th bin. This quantity s i can also be written as a product:
where f
W H i
is the fraction of the total signal which lies in the i-th bin. In this case, σ(pp → W ± H) · B(H → bb) is the variable to be extracted from data. An upper limit on the Higgs boson production cross section times branching ratio σ(pp → W ± H)·B(H → bb) is extracted by using a Bayesian procedure with a likelihood defined by:
The background prediction b i includes contributions from the various background sources described in Sec. V:
where f 
where the G(N, σ) factors are truncated Gaussian densities constraints using the estimated numbers of events and the associated uncertainties. We assume a uniform prior for σ · B To measure the expected sensitivity for this analysis, background-only pseudoexperiments are used to calculate an expected limit in the absence of Higgs boson production.
Pseudo-data are generated by fluctuating the individual background estimates within total uncertainties. The expected limit is derived from the pseudo-data using Eq. 15.
The likelihoods from events with exactly one secvtx b-tagged jet passing the NN btagging filter and events with at least two secvtx b-tagged jets criteria are multiplied together. The systematic uncertainties associated with the pretag acceptance, luminosity uncertainty, and uncertainty of the b-tagging efficiency scale factor are considered to be 100% correlated between the two selection channels. Background uncertainties, specifically on the heavy-flavor fractions and b-tagging scale factor, are also completely correlated. The "=1 tag w/ NNtag" selection combined with "≥2 Tag" gives the best expected limit, as expected from the sensitivity study (see Fig. 6 ).
The observed limits as a function of the Higgs boson mass are shown in Fig. 9 and Table IX, together with the expected limits determined from pseudo-experiments. An ensemble of limits from pseudo-experiments and the observed limit for each Higgs boson mass point are shown in Fig. 10 . The limit in the low mass region is at most two standard deviations data [7] and recent D0 data [8] are shown for comparison.
higher than the expected limit, but this is consistent with a statistical fluctuation in the dijet mass distributions (see Fig. 7 ) around m H = 115 GeV/c 2 . Such a fluctuation is much larger than the expectation for SM Higgs boson production in this channel.
The search sensitivity is improved significantly with respect to previous searches, about 30% beyond the expectations from simple luminosity scaling. The two main effects are the separation of the b-tagged data sample into single-and double-tagged events, and the NN filter applied to the single-tag sample.
IX. CONCLUSIONS
We have presented a search for the standard model Higgs boson in the ℓνbb final state expected from W H production. The event selection includes an additional neural network b-tag filter to reduce the background contributions from light flavor and charm quark jets.
This improvement, along with a total dataset corresponding to 1 fb −1 , allows us to improve the upper limit on Higgs boson production. We set a 95% confidence level upper limit on the production cross section times branching ratio varying from 3.9 to 1.3 pb for Higgs boson masses 110 to 150 GeV/c 2 .
